Silicon supersaturated with up to 0.6 at. % sulfur in solid solution was fabricated by ion implantation and pulsed-laser-melting-induced rapid solidification. The optical absorption coefficient over the range of 1200-2500 nm is uniformly high at ϳ2.5ϫ 10 4 / cm, which is at least an order of magnitude greater than the maximum value attributable to free carriers. High crystal quality was confirmed by transmission electron microscopy and ion channeling. The absorption coefficient decreases markedly with subsequent furnace annealing over the range of 200-600°C. We propose that the high absorptivity is due to a broad distribution of sulfur-related localized states within the band gap.
Repeated pulsed laser irradiation of silicon in the presence of sulfur-bearing gases has been used to create microstructured silicon surfaces that exhibit high optical absorptance in the near infrared ͑1100-2500 nm͒. [1] [2] [3] These materials have potential applications as photodetectors 4 and light emitters. 5 The incorporation of sulfur in the laserirradiated surfaces was found necessary to induce high subband-gap absorptance, 3 but the relative roles and potential interactions of sulfur, surface topography, and crystallographic disorder have yet to be established. Although the properties of dilute sulfur-bearing silicon are known, 6-8 they do not explain the observed absorptance of sulfur-bearing microstructured silicon. Here we report the optical properties of unstructured silicon supersaturated with sulfur, prepared by ion implantation and pulsed-laser-melting-induced rapid solidification. Despite the absence of any detectable surface microstructure or interior extended defects, this material exhibits high infrared absorptance. These results permit us to clarify the origin of the high absorptance and to measure the magnitude of the absorption coefficient. Additionally, these results indicate the possibility of infrared ͑IR͒ applications for sulfur-bearing silicon in thin film form, which is compatible with a wide variety of device architectures.
Si͑111͒ ͑n-type, phosphorus-doped, 1.2 k⍀ cm, 300 m thick, single-side polished͒ wafers were ion implanted with 200 keV 32 S + to a dose of 1 ϫ 10 16 ions/ cm 2 . During implantation the sample was nominally at room temperature, but we expect some amount of uncontrolled heating from the ion beam to have occurred. The ion implanted samples were irradiated by a spatially homogenized pulsed XeCl + excimer laser beam ͓308 nm, 25 ns full width at half maximum ͑FWHM͒, 50 ns total pulse duration͔ with fluences of 1, 1.4, or 1.8 J / cm 2 . In order to process a sufficiently large area ͑1.5ϫ 1.5 cm 2 ͒ for spectroscopic measurements of optical reflection and transmission, the ϳ3 ϫ 3 mm 2 excimer laser spot was tiled across the area by moving 1.27 mm vertically or horizontally between pulses; consequently the average point on the surface was irradiated by four to five laser pulses. Time-resolved reflectivity of a low-power Ar + ion laser ͑488 nm͒ was used to determine that the surface remained optically flat and to monitor the duration over which the surface was molten. 9 Rutherford backscattering spectrometry in channeling mode ͑c-RBS͒ and cross-sectional transmission electron microscopy ͑TEM͒ were carried out in order to investigate the crystal quality of the samples. 2 MeV He + ions were used for c-RBS and channeling was performed down the ͓111͔ axis. c-RBS of the as-implanted and the 1.0 J / cm 2 irradiated samples revealed a high amount of dechanneling from the top ϳ300 nm, indicating the presence of amorphous or highly defective crystalline material. c-RBS of the 1.4 and 1.8 J / cm 2 irradiated samples revealed a minimum backscattered yield min of 3% of that from a random direction, which indicates that these samples are indistinguishable by ion channeling from perfect single-crystal Si. Cross-sectional TEM ͑XTEM͒ examination was performed at 200 kV using a JEOL 2010F TEM, with lattice imaging obtained along the Si͗110͘ direction. XTEM of the as-implanted samples revealed an amorphous layer near the peak of the sulfur implant ͑ϳ230 nm͒ buried beneath a heavily damaged crystalline surface layer. XTEM of the 1.0 J / cm 2 irradiated sample revealed a reduction in damage of the surface layer but still large amounts of extended defects were evident. XTEM of the 1.4 and 1.8 J / cm 2 irradiated samples revealed perfect single-crystalline material throughout the surface region, with zero extended defects observed.
Total hemispherical specular and diffuse reflectance R and transmittance T over the range of 900-2500 nm were measured using a Hitachi U-4001 UV-VIS spectrophotometer equipped with an integrating sphere detector.
1,2 The total absorptance ͑A =1−T − R͒ was determined from directly measured transmittance and reflectance. In order to follow the change of IR absorptance with heat treatment, a 1.4 J / cm 2 irradiated sample was furnace annealed in an argon atmosphere for 30 min periods sequentially from 200 to 700°C in 100°intervals. The sulfur content in some samples was determined by secondary ion mass spectroscopy ͑SIMS͒ performed on a Physical Electronics 6650 quadrupole mass spectrometer using 4 keV Cs + primary beam at an incident angle of 60°from the surface normal and monitoring the 28 Si − and 32 S − secondary ions. In Fig. 1 we show the optical absorption spectra. All laser irradiated samples exhibit strong, broad absorption at wavelengths longer than ϳ1100 nm, which corresponds to a͒ Present address: Fatigue and Fracture Analysis Branch, Benet Laboratories, Watervliet, NY 12189.
the indirect band gap of pure Si. The 1.4 J / cm 2 irradiated samples are slightly higher in absorptance than those irradiated with either the lower or the higher fluence. Extended defects may contribute to the absorptance of the asimplanted and the 1.0 J / cm 2 irradiated samples, but they are absent from, and therefore cannot be the cause of the high absorptance of, the samples irradiated with the higher fluences.
In Fig. 2 we show sulfur concentration-depth profiles determined by SIMS. We interpret the abrupt drop in sulfur concentration at 350 and 450 nm for the 1.4 and 1.8 J / cm 2 irradiated samples, respectively, as the depths of maximum penetration of the melt front. These maximum melt depths are roughly consistent with the results of heat-flow simulations of melting and solidification, constrained to match the measured melt duration. 9 Subsequent rapid solidification is known to cause solute trapping, resulting in high substitutional supersaturations of dopants in silicon. 9, 10 The average sulfur concentration in the melted region of the 1.4 J / cm 2 irradiated sample is 3 ϫ 10 20 at./ cm 3 , which is at least four orders of magnitude above the maximum solubility limit. 8, 11 That the 1.4 J / cm 2 irradiated sample appears to have a 4% higher dose than the implanted sample may indicate a slight lateral nonuniformity in the implant. The ratio of the absorptance of 1.8 to 1.4 J / cm 2 irradiated sample is experimentally indistinguishable from the ratio of retained doses, 0.9, consistent with the notion that the absorptance in the laser melted samples is simply proportional to the areal density of sulfur. However, there may be some contribution to the absorption from point defects, at concentrations or sizes below the detection limit of c-RBS and lattice-resolution TEM, lying just below the position of maximum melt front penetration in the 1.4 J / cm 2 irradiated sample: note the tail of the sulfur distribution below this depth.
The absorption coefficient ␣ at 2300 nm wavelength was calculated from the measured reflectance and transmittance using 12 ␣ = ͑1/d͒ln͓͑1−R͒ / T͔, where d is the thickness of the melted and solidified layer. The absorption coefficient of the implanted, 1.4 J / cm 2 pulsed laser irradiated, unannealed sample is 2.3ϫ 10 4 cm −1 . This is much greater than the value reported by Spitzer and Fan 13 for heavily arsenic doped silicon of ϳ200 cm −1 for this wavelength when the free electron concentration is 1 ϫ 10 19 /cm 3 . Spitzer and Fan also reported that the absorption coefficient at this wavelength is linearly proportional to the free electron concentration for arsenic and phosphorus doping and identified the predominant absorption mechanism as interband transitions of free electrons. If we assume a maximum possible free electron concentration in our 1.4 J / cm 2 irradiated sample of two electrons per sulfur atom, i.e., 6 ϫ 10 20 /cm 3 , our measured absorption coefficient remains an order of magnitude above the value anticipated from extrapolating Spitzer and Fan's data to this value; if our free electron concentration turns out to be smaller, due to incomplete activation, then the discrepancy is even larger. We conclude that the mechanism of absorption in sulfurdoped silicon is quite different from the absorption by free carriers in silicon doped with shallow donors.
At low sulfur concentrations ͑ϳ3 ϫ 10 16 S/cm 3 ͒, four impurity levels in the band gap have been identified experimentally and attributed to isolated sulfur and sulfur dimers. 7, 14 At higher concentrations, impurity levels from sulfur-related complexes have also been identified. 14 The deepest of all these levels is the transition of sulfur monomers from singly ionized to doubly ionized donors at 613 meV below the conduction band edge. Our absorption spectra show no sharp features at wavelengths corresponding to transitions involving any of these levels; in particular, no step is seen at 2.05 m corresponding to a transition from the deepest level to the conduction band edge. We propose that the absence of sharp features is due to the formation of bands from these levels at high concentration.
The total absorptance in our samples is somewhat lower than that in silicon microstructured in a sulfur-bearing atmosphere, 2 the topography of which can be described as spikes tens of microns in height with surface slopes Ͼ1. These spiked silicon materials have sulfur concentrations in the top ϳ100 nm that are similar to the concentrations in our samples, and the thickness of the sulfur-bearing layer ap- pears to be no greater than in our flat samples. 15 The difference in absorptance between spiked and flat materials is likely to be due primarily to multiple reflections off the rough surface of the spiked material. On our highestabsorptance flat sample at 2300 nm, R = 0.29 and T = 0.24. We would therefore expect to cut the transmittance of flat silicon to Ͻ10% by doubling the thickness of the highly absorbing layer.
Mo et al. have performed ab initio calculations of sulfur configurations and energetics in amorphous and crystalline Si. 16 They found that the lowest-energy state of amorphous Si:S has twofold coordinated sulfur and is transparent, which is consistent with the low absorptivity of our samples as implanted. They also found that sulfur in crystalline silicon prefers to occupy substitutional sites, which creates deep levels and should lead to optical absorption. This is consistent with our findings but does not explain the absence of sharp features in the absorption spectra. Finally, they found that upon annealing sulfur tends to form dimers, but should remain optically absorbing. In Fig. 3 we show the evolution of the absorption spectrum with sequential thermal annealing from 200 to 700°C in 100°intervals. There is a small reduction in absorptance with annealing at 200°C, followed by rapid reductions at higher annealing temperatures, up to 600°C. This behavior is similar to that observed for spiked Si formed with femtosecond laser pulses but differs from that observed for spiked Si formed with nanosecond laser pulses. 2 In the latter case the absorptance drops by less than a factor of 2 upon annealing for 45 min at 600°C.
Thermal annealing to 900°C for 30 min results in only short-range mass transport, as shown in Fig. 2 , compared to the expected diffusion length of 6 m for dilute sulfur in Si ͑Ref. 17͒ at this temperature. This observation indicates that at the high concentrations in our samples, diffusion may have been inhibited by clustering or some other mechanism. According to Mo et al. the development of transparency should not result from transitions of sulfur atoms from metastable to stable isolated configurations; the drop in absorptance may be associated with the formation of metastable configurations such as interstitials or larger clusters than dimers. The removal of sulfur from optically active configurations by annealing begins at the remarkably low temperature of 200°C. The presence of clusters in the annealed samples was not evident in XTEM and could not be confirmed by ion channeling measurements, because the sensitivity of the latter method is only about 2 at. %.
Pulsed laser melting offers intriguing possibilities for the production of semiconductors that are free of extended defects, have compositions not readily attainable with other methods, possess interesting optical properties, and are readily characterized by standard thin-film characterization techniques. We have created highly sulfur-supersaturated silicon with optically flat surfaces and demonstrated a subband-gap absorption coefficient much greater than expected from extrapolating measurements from samples doped with shallow donors. We have proposed that the high IR absorptance is due to deep levels associated with sulfur in highly concentrated solution. However, the nature of the electronic states responsible for absorption remains to be illuminated.
